Dilated cardiomyopathy is a frequent cause of heart failure and is associated with high mortality. Progressive remodeling of the myocardium leads to increased dimensions of heart chambers. The role of intracellular proteolysis in the progressive remodeling that underlies dilated cardiomyopathy has not received much attention yet. Here, we report that the lysosomal cysteine peptidase cathepsin L (CTSL) is critical for cardiac morphology and function. Oneyear-old CTSL-deficient mice show significant ventricular and atrial enlargement that is associated with a comparatively small increase in relative heart weight. Interstitial fibrosis and pleomorphic nuclei were found in the myocardium of the knockout mice. By electron microscopy, CTSL-deficient cardiomyocytes contained multiple large and apparently fused lysosomes characterized by storage of electron-dense heterogeneous material. Accordingly, the assessment of left ventricular function by echocardiography revealed severely impaired myocardial contraction in the CTSL-deficient mice. In addition, echocardiographic and electrocardiographic findings to some degree point to left ventricular hypertrophy that most likely represents an adaptive response to cardiac impairment. The histomorphological and functional alterations of CTSL-deficient hearts result in valve insufficiencies. Furthermore, abnormal heart rhythms, like supraventricular tachycardia, ventricular extrasystoles, and first-degree atrioventricular block, were detected in the CTSL-deficient mice.
D
ilated cardiomyopathy (DCM) describes a heterogeneous group of myocardial diseases characterized by cardiac dilation, decreased contractility of the myocardium, and congestive heart failure. Among the presently known causes of DCM are enteroviral infections, ischemia, and mutations in genes encoding sarcomeric and structural proteins essential for generation and transmission of contractile forces within the cardiomyocyte. These proteins include cardiac ␤-myosin, troponin C, cardiac ␤-actin, desmin, dystrophin, ␦-sarcoglycan, and the nuclear envelope protein lamin A͞C (1) (2) (3) (4) (5) (6) . Nevertheless, the etiology of DCM remains elusive in about 50% of the patients (7) . To elucidate further the pathophysiology of the disease, gain-of-function and loss-of-function mouse lines for the respective genes have been generated. Some of these lines, e.g., deletions of ␦-sarcoglycan and the actin-associated muscle LIM protein MLP or a R403N point mutation in the cardiac myosin heavy chain, resemble the phenotype of human hereditary DCM (8) (9) (10) . On the other hand, multiple genetically altered mouse lines developing hereditary DCM are currently lacking human counterparts, e.g., overexpression of tumor necrosis factor ␣ or retinoic receptor ␣, inactivation of the cAMP response elementbinding protein, and deletion of the bradikinin B2 receptor and the mitochondrial transcription factor A (Tfam; [11] [12] [13] [14] [15] [16] [17] .
The lysosomal͞endosomal cellular compartment is equipped with multiple glycosidases, nucleases, lipases, phosphatases, sulfatases, and peptidases for terminal degradation of macromolecules (18) . Lysosomal peptidases comprise aspartic and cysteine peptidases. Most lysosomal cysteinepeptidases belong to the family of papain-like peptidases characterized by a catalytic triad, including an active-site cysteine residue (19) . Seven of these papain-like lysosomal peptidases, the cathepsins B, C, F, H, L, O, and Z, are ubiquitously expressed in mammalian tissues, with myocardium among them. Other members of the family exhibit cell-type-specific expression; e.g., cathepsin S is expressed in peripheral antigen-presenting cells, but cathepsin K is mainly found in osteoclasts (20) . Lysosomal cysteine peptidases are involved in unspecific bulk proteolysis in the lysosomes (21) . However, evidence is growing for specific in vivo functions of papain-like cysteine peptidases in limited proteolysis during physiological and pathological processes such as MHC class II-mediated antigen presentation, prohormone processing, bone development, and tumor invasion (22) (23) (24) . In mice, the ubiquitously expressed lysosomal cysteine peptidase cathepsin L (CTSL) is critical for epidermal homeostasis, regulation of the hair cycle, and MHC II-mediated antigen presentation in epithelial cells of the thymus (25, 26) . Cardiomyopathies have been described in hereditary deficiencies of lysosomal glycosidases, like in mucopolysaccharidoses and glycogenoses (27) . Furthermore, deficiency of the lysosomal membrane glycoprotein LAMP-2 has recently been shown to be the cause of Danon disease, which presents with severe cardiopathymyopathy (28, 29) .
Here we show that CTSL is essential for regular cardiac function in the mouse, because CTSL-deficient mice develop pathomorphological, histological, and functional cardiac alterations that closely resemble human DCM.
Materials and Methods
Generation and Maintenance of CTSL-Deficient Mice. CTSL-deficient mice have been generated by gene targeting in mouse embryonic stem cells as described (26) . The maintenance and breeding of the animals used in this study, as well as all of the subsequent experiments including echocardiographic and electrocardiographic recordings, were performed in accordance with our institutional regulations.
Histological and Histomorphometrical Analyses. The body-to-heart weight ratio was determined by weighing the body immediately after death and the heart after removal of main vessels. After fixation in 7% unbuffered formalin and paraffin embedding, serial sections of 2-m thickness were cut and stained with hematoxylin͞eosin or Masson's trichrome. The proportion of interstitial connective tissue was determined by using the ''point counting method'' at 40ϫ resolution with grid points of 18-m distance (30) . The number of cardiomyocyte nuclei per unit volume of myocardium (numeric density) was estimated by using a Physical Dissector (31, 32) . tissue cubes. The tissues were postfixed in 2% osmium tetroxide and embedded in resin as described (33) . Semithin sections were stained with toluidine blue͞borax, examined by light microscopy, and photographed (Leitz). Ultrathin sections were stained with uranyl acetate and lead citrate and were examined and photographed with a Jeol ϫ1,200 electron microscope.
Echocardiography and Cardiac Doppler Examination. Echocardiographic examination of 40 mice was performed after intraperitoneal sedation with ketamine (50 g͞g)͞xylazine (5 g͞g). Transthoracic Doppler echocardiography was performed with a digital cardiac ultrasound machine equipped with either a 12-MHz short focal-length-phased or a 15-MHz linear array transducer (SONOS 5500, B1 software package, Agilent Technologies, Andover, MA). Both parasternal long-axis and short-axis views were obtained. M-mode and Doppler recordings were performed at a sweep speed of 150 mm͞s. Left ventricular septal and posterior wall thickness at the end of diastole as well as enddiastolic and end-systolic dimensions of the left ventricle were measured by using leading edge to leading edge reglementation with electronic caliper in M-mode. The percentage of fractional shortening, end-diastolic and end-systolic volume, ejection fraction, mass of left ventricle, and left ventricle mass index were calculated with conversion formulas as described (34) . For determination of systolic outflow of the left ventricle, pulsedwave Doppler signals were obtained by placing the sample volume parallel to flow during long-axis view into the left ventricular outflow tract and the ascending aorta. Diastolic inflow was detected apical to the mitral valve within the left ventricle. Both valves were examined for regurgitation with color-flow Doppler.
Electrocardiographic Recordings (ECGs). Telemetric ECGs were recorded by using a commercially available implantable transmitter and acquisition system (TA10ETA-F20-L20; DSI, St. Paul, MN), which was implanted in ketamine (50 g͞g)͞xylazine (10 g͞g)-anesthetized mice according to the operative procedure described by Kramer et al. (35) . After a recovery phase of 10 days and achievement of baseline body weight, the mice were positioned on the acquisition system. ECGs were recorded for 24 h and analyzed in LABVIEW format. Six lead-surface ECGs were recorded noninvasively (Mega-card; Siemens, Iselin, NJ) in back-spine position with tissue-covered clips with electrode gel.
Statistical Analysis. All data are reported as mean and SD. Statistical analysis was performed by using SPSS software (version 10.0; SPSS, Chicago). All data were subjected to a one-way ANOVA accounting for the four categories: wild-type (ctsl
) and with manifest DCM (ctsl Ϫ/Ϫ /DCM). Whenever significant differences were detected, groups were analyzed by using Bonferroni's post hoc test. A level of P Ͻ 0.05 was considered to indicate significant differences between the groups.
Results

CTSL-Deficient Mice Exhibit Altered Histology and Morphology of the
Heart. CTSL-deficient mice are fertile and show normal breeding behavior. Pups devoid of CTSL exhibit a mortality rate of 15%, which is slightly higher than the 6% mortality observed for their wild-type littermates. Thereafter, mortality of both groups did not show any significant differences up to 1 year of age (26) . Histological and histomorphometrical analyses of the hearts of 1-year-old mice revealed a marked increase of connective tissue in the myocardium of ctsl Ϫ/Ϫ mice ( Fig. 1) . Cardiomyocytes of ctsl Ϫ/Ϫ mice exhibit about twice as many nuclei per mm 3 than cardiomyocytes of control mice (Fig. 1) . Consequently, the volume of cytoplasm per nucleus significantly decreased from an average of 30 m mice. In addition, many nuclei of CTSL-deficient cardiomyocytes proved to be pleomorphic, an observation that presents a general characteristic of cardiomyopathies ( Fig. 1) . Note that inflammatory cell infiltrates were not observed in the ctsl Ϫ/Ϫ hearts. For closer investigation of cellular ultrastructure, electron microscopy was performed in myocard samples of 12-month-old mice (Fig. 2) . Ctsl ϩ/ϩ mice show the normal ultrastructure of heart muscle cells with rare, small, and singly scattered lysosomes. By contrast, most cells in the myocardium of age-matched ctsl Ϫ/Ϫ mice contain multiple large, and apparently fused, lysosomes (Fig. 2) . Ctsl Ϫ/Ϫ lysosomes are characterized by the accumulation of large amounts of electron-dense heterogeneous materials and were seen most often in the perikaryon of the cell next to commonly dystrophic nuclei (Fig. 2e) . The gross phenotype of the hearts, the amount of interstitial connective tissue (data not shown), and the relative heart weights were not altered in CTSL-deficient at 6-8 weeks of age (Fig. 3) . First patches of interstitial fibrosis were observed in ctsl Ϫ/Ϫ hearts at 4 months (data not shown). From about 6 months of age on, the relative heart weights of CTSL-deficient mice tended to increase as compared with age-matched ctsl ϩ/ϩ controls (Fig. 3) . By 12 months, hearts of all CTSL-deficient mice seemed enlarged as compared with wild-type and heterozygous mice (Fig. 3) . However, about 25% of CTSL-deficient mice showed extremely enlarged hearts (Fig. 3) . Because of only a moderate increase in heart weight, these mice were suspected to suffer from DCM. Hence, these findings required closer investigation of morphological and functional parameters of ctsl Ϫ/Ϫ hearts in vivo.
Dilation and Reduced Contraction of CTSL-Deficient Hearts. By means of echocardiography, a CTSL-genotype-dependent increase of left ventricular dimensions was observed in 1-year-old mice (Fig.  4) . Again, four of the 14 ctsl Ϫ/Ϫ mice investigated by echocardiography exhibited a severe enlargement of the left ventricle with a 2-to 3-fold increase in the volumes of the left ventricle at the end of systole and diastole, which was accompanied by a 1.5-fold higher mass of the left ventricle and by enlargement of the left atrium. These observations point to the presence of DCM in this subgroup of mice (Fig. 4) . However, some functional parameters of the left ventricle proved to be significantly impaired in all ctsl Ϫ/Ϫ hearts, which can be explained by the histopathological alterations that affect the myocardium of all CTSL-deficient mice. For example, fractional shortening, which provides a measure of left ventricular contraction, was significantly reduced in all CTSL-deficient mice, whereas the occurrence of more extreme ventricular enlargement did not further reduce contraction (Fig. 5) . Accordingly, the diameter and volume of the left ventricle at maximal contraction, e.g., the end of systole, was also significantly enhanced in all ctsl Ϫ/Ϫ mice (Fig.  5 , Table 1 ). The extreme dilation of hearts in about 25% of CTSL-deficient mice results in even more severe functional alterations that are unique to this subgroup of mice (Table 1) . Doppler echocardiography was used for assessment of blood flow across the aortic and mitral valves (Fig. 6) . By means of this technique, the maximal and average pressure gradients at the aortic valve of ctsl Ϫ/Ϫ mice with extremely dilated hearts were shown to be elevated 3-to 4-fold as compared with all other Relative heart weights of CTSL-deficient mice and heart morphology. Relative heart weights of male (A) ctsl Ϫ/Ϫ (s, n ϭ 52) and ctsl ϩ/ϩ (E, n ϭ 62) and female (B) ctsl Ϫ/Ϫ (s, n ϭ 58) and ctsl ϩ/ϩ (E, n ϭ 69) mice. A 6-month-old wild-type mouse with severely enlarged heart is indicated by * . This mouse presented the only ''spontaneous'' heart disease seen in the 131 investigated wild-type mice. (C) Hearts of wild-type (ctsl ϩ/ϩ ) and CTSL-deficient (ctsl Ϫ/Ϫ ) mice at 12 months of age are shown. About 75% of ctsl Ϫ/Ϫ hearts show slight to moderate enlargement. The remaining 25% of ctsl Ϫ/Ϫ hearts exhibit severe enlargement with severe functional impairment, manifest DCM. investigated groups. In addition, observation of regurgitation at the mitral and aortic valves confirmed the presence of valve insufficiencies in the dilated hearts (Fig. 6) . In consequence, the cardiac index, which describes the amount of heart work needed to maintain sufficient blood perfusion of the body, is significantly increased in mice with severe ventricular and atrial dilation.
Cardiomyopathy Caused by CTSL Deficiency Is Associated with Defects
in Conduction. Changes in electrophysiology of the heart assessed by ECGs are a clinical hallmark of cardiomyopathies. In contrast, alterations of heart rhythm were either not reported or not studied in many of the available mouse models for DCM. The heart rate of freely moving ctsl Ϫ/Ϫ and wild-type mice was similar in telemetric recording 10 days after transmitter implantation (769 vs. 755 beats per min). However, ctsl Ϫ/Ϫ mice presented with higher R-wave voltages in standard limb lead II (1.45 vs. 0.95 mV) as an electrocardiographic sign of left ventricular hypertrophy. Additionally, the interval between the R-and T-waves of the ECG that reports activation and repolarization time of the ventricle is prolonged in ctsl Ϫ/Ϫ mice (50 vs. 30 ms), especially in telemetric recording (45 vs. 22 ms), with a pathologic flat and wide T-wave morphology (data not shown). Supraventricular tachycardia was observed in three of the 14 ctsl Ϫ/Ϫ mice investigated. However, tachycardia was not specifically limited to the CTSL-deficient mice with manifest DCM, because one mouse with episodes of tachycardia was also detected in the group of 12 heterozygous ctsl ϩ/Ϫ animals. Furthermore, one mouse with atrioventricular block and one with monomorphic ventricular extrabeats were found in the ctsl Ϫ/Ϫ group (data not shown).
Discussion
This article reports a critical role of the lysosomal cysteine peptidase for cardiac homeostasis in ctsl Ϫ/Ϫ mice. Except for a slightly increased length of the left ventricle, heterozygous mice do not show major alterations in morphology or function of the heart. A complete deficiency of CTSL in the ''knockout'' mice causes interstitial fibrosis in the myocardium and pleomorphic nuclei of cardiomyocytes that represent histological alterations characteristic of human cardiomyopathies. Accordingly, left ventricular contractility, assessed by echocardiographic determination of fractional shortening, was reduced in all ctsl Ϫ/Ϫ mice. Histological, echocardiographic and electrocardiographic findings point to the development of moderate left ventricular hypertrophy, which most likely represents an adaptive response to impaired cardiac function. In addition, pathological impairment of heart rhythm, e.g., supraventricular tachycardia, ventricular extrasystoles, and first-degree atrioventricular block, was detected in CTSL-deficient mice. However, these heterogeneous conduction defects did not occur in all ctsl Ϫ/Ϫ mice. Thus, it seems likely that these electrophysiological alterations are not caused by the lack of CTSL in cardiomyocytes or in the cells of the conduction system, but are rather indicative of the structural changes of the heart in the course of cardiomyopathy. Furthermore, about 25% of the hearts of ctsl Ϫ/Ϫ mice had developed a severe enlargement at 12 months of age, which resulted in significantly impaired cardiac performance and led to valve insufficiencies in four of the 14 CTSL-deficient mice investigated by Doppler echocardiography. Despite these histomorphological and functional alterations, the mortality rate of adult ctsl Ϫ/Ϫ mice was not increased in mice up to 12 months of age, which contrasts with many other transgenic mouse models of DCM in which symptoms occur early in life and result in death only days or a few weeks after onset of the disease (9, 10, 14, 16, 17, 36) . Thus, CTSL-deficient mice represent a model of a chronic progressive DCM that is comparable to the adult form of the human disease in many respects. This model could greatly serve the study of effects of additional exercise on morphology and function of the heart and the long-term assessment of novel treatment options.
To date, multiple genetic loci affected in familiar DCM have been identified. However, the disease-causing gene is often not known yet (37) . Most notably, the gene encoding human CTSL is located at chromosome 9q21-q22, which corresponds to the genetic mapping of a familiar DCM trait with an unidentified disease-causing gene at chromosome 9q13-q22 (38) . Thus, in combination with the present findings in ctsl Ϫ/Ϫ mice, CTSL is a potential DCM-causing gene in humans.
Most notably, a complete deficiency of CTSL in mice causes accumulation of heterogeneous electron-dense material in significantly enlarged lysosomes, which is clearly indicative for lysosomal storage that would place the heart phenotype of CTSL-deficient mice in a group of lysosomal metabolic cardiomypopathies, such as the deficiency of the lysosomal membrane protein Lamp-2 (Danon disease) or constitutively activating AMP kinase mutations that cause lysosomal glycogen storage (28, 29, 39) . However, although the latter disorders show impaired cardiac function, they are not characterized by ventricular dilation. Thus, the pathogenesis of the heart dilation caused by CTSL deficiency still needs to be elucidated. Currently, the leading hypothesis regarding the pathogenesis of DCM is focused on alterations in production of contractile force in the sarcomere and͞or impaired force transmission to the plasma membrane of cardiomyocytes (37) . Although electron microscopy revealed intact cardiac sarcomeres of ctsl Ϫ/Ϫ mice, multiple possibilities remain how CTSL maintains the contractile function of cardiomyocytes. First, lysosomal cysteine peptidases, among them CTSL, are responsible for up to 40% of intracellular protein turnover (40, 41) . Many proteins of the cytoskeleton with relatively long biological half-life are considered to be subject to lysosomal degradation. Thus, partial impairment of lysosomal proteolysis by the constitutive absence of CTSL may lead to an altered balance between synthesis and degradation of cytoskeletal proteins. This altered balance could result in a functional disturbance of the contractile apparatus and in subsequent cardiac remodeling that eventually progresses into maladaptive DCM in some of the ctsl Ϫ/Ϫ mice. Second, lysosomal cysteine peptidases of the papain family exhibit high collagenolytic and elastinolytic activity. In fact, the plant protease papain is a common meat tenderizer (23) . Although CTSL is located mainly in the endosomal͞lysosomal compartment, about 10% of the zymogen is physiologically secreted and can be extracellularly activated (42) . There, it is capable of processing extracellular matrix (ECM) proteins such as fibronectin, laminin, and types I, IV, and XVIII collagen (42, 43) . For example, CTSL can cleave within the nonhelical regions at the ends of native collagen, which leads to destabilization of the fibrils and promotes further cleavage by other proteases like matrix metalloproteinases (43) . Extracellular CTSL is also able to activate other proteases such as urokinase-type plasminogen activators (44) . Hence, the absence of CTSL could lead to gradually increasing interstitial fibrosis caused by defective degradation of proteins in the ECM. Because the ECM provides the ''anchor'' for the contractile forces produced by the sarcomere, changes in composition and organization of ECM could result in impaired force transmission and, therefore, cardiac dilation or hypertrophy. This possibility is supported by recent findings that matrix metalloproteinases, which function primarily in degradation of ECM, are critically involved in the development of heart failure in several mouse models (45) .
In summary, a function for the lysosomal peptidase CTSL has been found in the maintenance of heart structure and function. Absence of CTSL results in lysosomal impairment that causes the development of a heart disease that resembles many features of human DCM. CTSL is a candidate gene for the human hereditary DCM mapped to chromosome 9q13-q22. To date, the molecular mechanisms by which CTSL serves its essential function in the heart remain elusive, but nevertheless, CTSLdeficient mice could serve as a DCM model for the study of challenge phenotypes and treatment options.
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